Introduction {#s1}
============

IBMPFD is a progressive autosomal dominant disorder, characterized by the adult onset of muscle degeneration, abnormal bone metabolism, and drastic behavior changes. This disease has been linked to mutations in VCP (known as p97 in mouse or CDC48 in yeast), a hexameric AAA ([A]{.ul}TPase [a]{.ul}ssociated with various cellular [a]{.ul}ctivities) ATPase known to participate in numerous cellular events [@pgen.1001288-Watts1], including ubiquitinated protein processing [@pgen.1001288-Dai1], [@pgen.1001288-Jarosch1], homotypic membrane fusion [@pgen.1001288-Latterich1]--[@pgen.1001288-Kondo1], nuclear envelope reconstruction [@pgen.1001288-Hetzer1], and cell cycle regulation [@pgen.1001288-Cao1]. Despite these advances in understanding VCP functions, it is unclear which of the aforementioned VCP roles are critical for causing IBMPFD.

VCP protein contains an N-terminal CDC48 domain and two ATPase domains (D1 and D2). In VCP hexamers, the D1 and D2 domains of each monomer align in a head-to-tail manner [@pgen.1001288-Zhang1], [@pgen.1001288-DeLaBarre1]. It is thought that ATP hydrolysis causes major conformational changes to the hexamer [@pgen.1001288-Rouiller1], [@pgen.1001288-Davies1], thus generating the mechanical force required for VCP function. The ATPase activity of VCP appears to be mediated mainly by D2, whereas D1 contributes to heat-induced activity [@pgen.1001288-Song1]. In support of this, mutations disrupting the residues required for the ATP-binding and ATP-hydrolysis in D2 have been used to dominantly interfere with endogenous VCP function [@pgen.1001288-Ogura1]--[@pgen.1001288-Kobayashi1]. The N-terminal CDC48 domain has been shown to bind cofactors and ubiquitin. As VCP is implicated in numerous processes, the cooperation with different cofactors may account for its functional diversity. For instance, VCP associates with p47 in mediating homotypic Golgi membrane fusion [@pgen.1001288-Kondo1], [@pgen.1001288-Meyer1], with p37 in ER and Golgi biogenesis [@pgen.1001288-Uchiyama1], and with Ufd1/Npl4 in ERAD [@pgen.1001288-Ye1] and nuclear envelope reassembly [@pgen.1001288-Hetzer1].

Nearly all of the VCP mutations implicated in IBMPFD are located in the N-terminal CDC48 domain, the N-D1 linker, and the D1 ATPase domain. The R155 residue in the CDC48 domain has been mutated into different amino acids (C, H, and P) in 14 familial IBMPFD cases [@pgen.1001288-Kimonis1]. Mutations disrupting R191 (in N-D1 linker) and A232 (linker-D1 junction) are also implicated in familial IBMPFD cases, and it has been shown that individuals carrying the VCP^A232E^ mutation exhibited more severe symptoms [@pgen.1001288-Kimonis1]. It is peculiar that the D2 domain, while essential for VCP function *in vitro*, has not been disrupted by any of the currently known IBMPFD-causing mutations ([Figure S1](#pgen.1001288.s001){ref-type="supplementary-material"}). It is possible that, as VCP functions as hexamers, mutations in the D2 domain will dominantly deplete the pool of functional VCP hexamers, resulting in early demises of heterozygous individuals. Alternatively, the integrity of the D2 domain may be required for VCP mutants to cause IBMPFD.

To decipher the mechanistic link between IBMPFD and VCP mutations, efforts have been made to establish animal models expressing VCP mutants. Overexpression of VCP^R155H^ in mice caused accumulation of ubiquitinated proteins, implying that UPS is an underlying cause for IBMPFD [@pgen.1001288-Weihl1]. However, recent reports showed that cells expressing VCP^R155H^ also exhibited impaired ERAD [@pgen.1001288-Weihl2] and autophagy [@pgen.1001288-Ju1], [@pgen.1001288-Vesa1], indicating that the expression of IBMPFD-causing VCP mutants could hamper multiple cellular pathways. Redistribution of TAR DNA-binding protein-43 has also been implicated as a cause for VCP-induced toxicity [@pgen.1001288-Ritson1]. Biochemical analysis showed that IBMPFD-causing VCP mutants have elevated ATPase activity [@pgen.1001288-Halawani1], although the significance of this finding is unclear.

*Drosophila* contains a single VCP homolog TER94 [@pgen.1001288-Pintr1], which shares ∼83% protein sequence identity with human VCP. Of the twelve known VCP amino acid substitutions in IBMPFD, nine residues are conserved in TER94 ([Figure S1](#pgen.1001288.s001){ref-type="supplementary-material"}), suggesting that *Drosophila* is a suitable model for IBMPFD. Here we show that expression of TER94 carrying mutations analogous to those implicated in IBMPFD mutants could disrupt muscle integrity and cause progressive neurodegenerative defects. Genetic evidence suggests that IBMPFD-causing VCP mutations are dominant active alleles. Mutational analysis shows that the ability of TER94 to form hexamers is essential for the mutant proteins to induce neurodegenerative defects, further suggesting that the IBMPFD-causing VCP mutations are not simple loss-of-function mutations. Using reporters specific for ERAD and UPS, we found the disruptions of these pathways are unlikely to be the underlying cause for the neurodegenerative defects in our model. Instead, the TER94-dependent neurodegenerative defects correlate with cellular ATP reduction, and could be suppressed by increasing cellular ATP level and enhanced by decreasing cellular ATP level. These observations, along with earlier report that IBMPFD-linked VCP mutants have elevated ATPase activity, suggest that depleting cellular ATP is a contributing factor for VCP mutant--induced tissue degeneration.

Results {#s2}
=======

Establishing a *Drosophila* IBMPFD model {#s2a}
----------------------------------------

To establish a *Drosophila* model for IBMPFD, we introduced amino acid substitutions at three residues in TER94: R152H, R188Q and A229E, to simulate the human VCP mutations R155H, R191Q and A232E respectively ([Figure 1A](#pgen-1001288-g001){ref-type="fig"}). The R152H mutation is expected to affect the N-terminal CDC48 domain, whereas R188Q and A229E are located in the linker 1 (L1) region and L1-D1 junction respectively. As human versions of these *Drosophila* alleles have been linked to IBMPFD, they will be referred as "IBMPFD mutants" hereafter. To investigate the importance of ATPase activity in VCP function, we also generated flies expressing mutant TER94 defective in ATP-binding (K248A & K521A; K2A for short) or ATP-hydrolysis (E302Q & E575Q; E2Q for short) ([Figure 1A](#pgen-1001288-g001){ref-type="fig"}). As disruption of the nucleotide hydrolysis cycle of protomer can affect the configuration and function of VCP hexamer [@pgen.1001288-Ogura1], expression of these ATPase mutants is expected to dominantly impair the activity of endogenous TER94.

![Tissue-specific expression of TER94 IBMPFD mutants disrupts muscle integrity.\
(A) A schematic drawing of TER94 functional domains and the alleles used in this study. Green and yellow boxes represent the N-terminal CDC48 domain and the two ATPase domains, respectively. The IBMPFD, ATP-binding defective, ATP-hydrolysis defective, and monomeric mutations are indicated in purple, red, lilac, and blue, respectively. (B--G) Fluorescent micrographs of lateral views of stage 16 embryos expressing indicated transgenes and mCD8-GFP under the control of *24B-GAL4*. In all panels, anterior is to the left and dorsal is up. (H) Flight behavioral tests of *Mhc\>TER94* flies. Flies of indicated genotypes were used for flight behavioral tests, and results from four independent experiments were plotted. Higher percentage in smaller flight index numbers denotes flightless phenotype, whereas higher percentage in larger flight index numbers denotes normal flight behavior. Values shown represent mean ± SE (standard error of the mean). (I and K) Phalloidin-stained sections show normal dorsal longitudinal muscles (DLM) within IFM in control *Mhc\>LacZ* (I) and irregular DLM in *Mhc\>TER94^A229E^* (K). (J and L) Confocal images of *Mhc\>LacZ* (J) and *Mhc\>TER94^A229E^* (L) DLM sarcomeres stained with phalloidin and anti-VCP antibody (green). Scale bars: 100 µm (I and K), 10 µm (J and L). Genotypes: (B) *24B-GAL4,UAS-CD8-GFP/+*, (C) *24B-GAL4,UAS-CD8-GFP/UAS-TER94^wt^*, (D) *24B-GAL4,UAS-CD8-GFP/UAS-TER94^R152H^*, (E) *24B-GAL4,UAS-CD8-GFP/UAS-TER94^R188Q^*, (F) *UAS-TER94^A229E^/+; 24B-GAL4,UAS-CD8-GFP/+*, (G) *UAS-TER94^K2A^/+; 24B-GAL4,UAS-CD8-GFP/+,* (I and J) *Mhc-GAL4/w;UAS-LacZ/+*, (K and L) *Mhc-GAL4/w;UAS-TER94^A229E^/+.*](pgen.1001288.g001){#pgen-1001288-g001}

Expression of TER94 IBMPFD mutants disrupts muscle integrity {#s2b}
------------------------------------------------------------

While IBMPFD affects multiple tissues, the most prevalent pathology is myopathy. To ask if our model could recapitulate this defect, we utilized *24B-GAL4* [@pgen.1001288-Brand1] (an early driver active in myoblasts) and *Mhc-GAL4* (a muscle-specific driver active from larval stage onward) to examine the effect of mutant TER94 expression on muscle development and maintenance respectively. The muscle fibers, visualized using mCD8-GFP (a membrane-bound GFP), were organized in segmental fashion in wild type at late embryonic stage ([Figure 1B](#pgen-1001288-g001){ref-type="fig"}). In *24B\>TER94^wt^* embryos, mCD8-GFP localization appeared comparable to wild type, indicating that muscle fibers developed normally up to this stage ([Figure 1C](#pgen-1001288-g001){ref-type="fig"}). In contrast, muscle fibers in embryos expressing TER94 IBMPFD mutants appeared disorganized and loss of GFP signals was seen in some segments ([Figure 1D--1F](#pgen-1001288-g001){ref-type="fig"}). Among the three IBMPFD mutants, there appeared to be a difference in phenotypic severity, as the disruption of muscle fiber development seemed strongest in *24B\>TER94^A229E^*, coinciding with the observation that patients bearing VCP^A232E^ allele had more severe symptoms [@pgen.1001288-Kimonis1]. This difference in phenotypic severity was not caused by differences in TER94 transgene expression, as quantitative Western blots showed comparable levels of TER94 proteins in lines used in our analysis ([Figure S2](#pgen.1001288.s002){ref-type="supplementary-material"}). Furthermore, TER94 expression from transgenes inserted at identical genomic location (generated by integrase-mediated transformation [@pgen.1001288-Groth1] to eliminate positional effect) showed that *TER94^A229E^* caused the strongest photoreceptor degeneration among the three IBMPFD mutants ([Figure S3](#pgen.1001288.s003){ref-type="supplementary-material"}; see below). Compared to IBMPFD mutants, the phenotype in *24B\>TER94^K2A^* was even more severe, as developing muscle fibers were completely absent ([Figure 1G](#pgen-1001288-g001){ref-type="fig"}). This strong phenotype in *24B\>TER94^K2A^* is consistent with the hypothesis that mutations disrupting the ATPase activity are more debilitating than the disease alleles.

To determine the effect of TER94 alleles on mature muscles, adult flies expressing TER94 mutants under the control of *Mhc-GAL4* [@pgen.1001288-DiAntonio1] were subjected to flight tests. Those lacking functional muscles, as caused by mutant TER94 expression, were expected to perform poorly in this simple behavior assay. Indeed, flies expressing all TER94 mutants tested showed disrupted flight behavior ([Figure 1H](#pgen-1001288-g001){ref-type="fig"}). Interestingly, *Mhc\>TER94^wt^* also exhibited impaired flight ([Figure 1H](#pgen-1001288-g001){ref-type="fig"}), suggesting that excessive TER94 activity could disrupt muscle function. To ensure that the flightless phenotype was caused by muscle defect, phalloidin staining was performed to determine the integrity of indirect flight muscles (IFMs, [Figure 1I--1L](#pgen-1001288-g001){ref-type="fig"}). In *Mhc\>lacZ* control, typical pattern of myofibril with clear A-bands was seen (arrowheads in [Figure 1J](#pgen-1001288-g001){ref-type="fig"}), indicating that IFMs were normal. In contrast, myofibril from *Mhc\>TER94^A229E^* showed disrupted sarcomeres without repetitive A-bands (compare [Figure 1J to Figure 1L](#pgen-1001288-g001){ref-type="fig"}), suggesting that the flightless phenotype was caused by structural defects in IFMs. To monitor TER94 localization in IFMs, we stained *Mhc\>lacZ* and *Mhc\>TER94^A229E^* tissues with an αVCP antibody (Cell Signaling) that could recognize *Drosophila* TER94 ([Figure S2](#pgen.1001288.s002){ref-type="supplementary-material"}). Interestingly, while endogenous TER94 was localized diffusely in *Mhc\>lacZ*, *Mhc\>TER94^A229E^* myofibrils contained TER94-positive inclusion-like structures (arrows in [Figure 1L](#pgen-1001288-g001){ref-type="fig"}), reminiscent of the rimmed vacuoles found in IBMPFD patient\'s muscles [@pgen.1001288-Watts1], [@pgen.1001288-Weihl3].

To ensure that this flight impairment was caused by muscle degeneration, temperature-sensitive GAL80 (GAL80^ts^) was used to prevent GAL4 from activating TER94 expression until adulthood. *Mhc\>tub-GAL80^ts^ \>TER94^A229E^* flies raised at 25°C exhibited normal flight, demonstrating that muscles had formed normally at permissive temperature. However, the same flies lost their ability to fly after being shifted to 29°C for 10 days. In comparison, such temperature shift did not affect the flight ability of *Mhc\>tub-GAL80^ts^ \>LacZ* flies (data not shown). Together, our results suggest that expression of the TER94 IBMPFD mutants can affect both the development and maintenance of muscles.

Expression of TER94 IBMPFD mutants in brain causes learning deficit {#s2c}
-------------------------------------------------------------------

In addition to myopathy, mutations in VCP have been implicated in frontotemporal lobar degeneration [@pgen.1001288-vanderZee1]. To examine the effect of VCP mutations in brain, we used *elav-GAL4*, a driver active in all neuronal cells, to express TER94 IBMPFD mutants. In addition, *UAS-mCD8-GFP* was included to label the plasma membrane of Elav-positive neurons. While mCD8-GFP localization remained normal in *elav\>LacZ* and *elav\>TER94^wt^* brains ([Figure 2A and 2B](#pgen-1001288-g002){ref-type="fig"}), *elav\>TER94* IBMPFD mutant brains had a midline-crossing phenotype in the β/γ lobes of the mushroom body (arrows in [Figure 2C--2E](#pgen-1001288-g002){ref-type="fig"}). The penetrance of this defect was lowest for *elav\>TER94^R152H^* (22%, n = 18), but higher for *elav\>TER94^R188Q^* (80%, n = 15) and *elav\>TER94^A229E^* (62%, n = 21). The midline-crossing phenotype was seen in newly eclosed *elav\>TER94* IBMPFD mutant adults (data not shown), indicating that expression of TER94 IBMPFD mutants in neuronal cells may disrupt axonal guidance during brain development.

![Tissue-specific expression of TER94 IBMPFD mutants impairs neuronal structure and function.\
(A--E) Confocal images of mushroom bodies (labeled by mCD8-GFP) from adult brains expressing indicated transgenes under the control of *elav-GAL4*. A segmented adult brain illustrates the major structures of mushroom body, and arrows indicate the midline crossing of mushroom bodies in IBMPFD mutants. (F) The Pavlovian learning test of flies expressing TER94 transgenes or LacZ control. Values shown represent mean ± SE from four independent tests. \*\**p*\<0.01 relative to LacZ control (Student\'s *t* test). (G--K) Scanning electron micrographs (SEM) of the 2-day old adult eyes expressing indicated transgenes under the control of *GMR-GAL4*. Insets show enlarged views of the bristles on the eye surface. In all SEM panels, anterior is to the left and dorsal is up. (Gi--Kii) Confocal images of tangential (Gi--Ki) and longitudinal sections (Gii--Kii) of retinas from flies of corresponding genotypes at the same age stained with phalloidin (red) and anti-VCP (green). TER94-positive structures in eyes expressing TER94 transgenes are indicated with white arrows. White lines indicate the thicknesses of the retina in the longitudinal views. Scale bars: 50 µm (A--E), 100 µm (G--K), 10 µm (Gi--Ki), 50 µm, (Gii--Kii). Genotypes: (A) *UAS-GAL4,elav-GAL4^C155^/w; UAS-LacZ/+; UAS-mCD8-GFP/+*, (B) *UAS-GAL4,elav-GAL4^C155^/w; UAS-mCD8-GFP/UAS-TER94^wt^*, (C) *UAS-GAL4,elav-GAL4^C155^/w; UAS-mCD8-GFP/UAS-TER94^R152H^*, (D) *UAS-GAL4,elav-GAL4^C155^/w; UAS-mCD8-GFP/UAS-TER94^R188Q^*, (E) *UAS-GAL4,elav-GAL4^C155^/w; UAS-TER94^A229E^/+; UAS-mCD8-GFP/+*, (G) *GMR-GAL4/UAS-LacZ*, (H) *UAS-TER94^wt^/w; GMR-GAL4/+*, (I) *GMR-GAL4/+; UAS-TER94^R152H^/+*, (J) *GMR-GAL4/+; UAS-TER94^R188Q^/+*, (K) *GMR-GAL4/UAS-TER94^A229E^*.](pgen.1001288.g002){#pgen-1001288-g002}

The midline-crossing phenotype observed in *elav\>TER94* IBMPFD mutants is reminiscent of those described for *linotte*, a *Drosophila* memory mutant [@pgen.1001288-MoreauFauvarque1]. We thus performed olfactory learning tests to see if *elav\>TER94* IBMPFD mutants had learning deficit. *elav\>TER94^R152H^*, which had the lowest penetrance of midline-crossing defects, did not exhibit detectable deficit in olfactory learning. On the other hand, *elav\>TER94^R188Q^*, the mutant that exhibited the highest penetrance of midline-crossing defects, had the most severe learning deficit ([Figure 2F](#pgen-1001288-g002){ref-type="fig"}). *elav\>TER94^A229E^* flies showed intermediate decline in both the midline-crossing assay and the learning tests ([Figure 2F](#pgen-1001288-g002){ref-type="fig"}).

Overexpressing TER94 IBMPFD mutants causes photoreceptor degeneration {#s2d}
---------------------------------------------------------------------

To further understand the effect of TER94 IBMPFD mutants on neuronal cells, we used *GMR-GAL4* driver, which is active in photoreceptor cells (R cells) in the developing eye. The development and maintenance of R cells in fly eye has been a powerful model for analyzing genes contributing to human neurodegenerative diseases [@pgen.1001288-Bilen1]. As shown in [Figure 2G and 2H](#pgen-1001288-g002){ref-type="fig"}, external morphologies of *GMR\>lacZ* (a negative control) and *GMR\>TER94^wt^* eyes were normal. Phalloidin staining showed that *GMR\>lacZ* and *GMR\>TER94^wt^* retina both had normal arrangement of rhabdomeres (the light-sensing organelles in R cells) ([Figure 2G](#pgen-1001288-g002){ref-type="fig"}i and 2Hi), indicating the presence of normal complement of R cells. In contrast, the rhabdomere arrangement was disorganized in animals expressing TER94 IBMPFD mutants under the control of *GMR-GAL4*. Similar to muscle formation, expression of TER94^R152H^ had the weakest effect on eye formation, as *GMR\>TER94^R152H^* eyes actually appeared normal externally ([Figure 2I](#pgen-1001288-g002){ref-type="fig"}). However, the rhabdomeres in *GMR\>TER94^R152H^* retina were noticeably disorganized ([Figure 2Ii](#pgen-1001288-g002){ref-type="fig"}), and many clusters contained fewer rhabdomeres, indicative of loss of R cells. On the other hand, *GMR\>TER94^R188Q^* and *GMR\>TER94^A229E^* both exhibited noticeable eye roughness ([Figure 2J and 2K](#pgen-1001288-g002){ref-type="fig"}). Furthermore, the severe defect in their rhabdomere organization suggested that both *GMR\>TER94^R188Q^* and *GMR\>TER94^A229E^* retina also lost significant numbers of R cells ([Figure 2Ji and 2Ki](#pgen-1001288-g002){ref-type="fig"}). In addition to disruption in rhabdomere organization in tangential sections, *GMR\>TER94^R152H^*, *GMR\>TER94^R188Q^*, and *GMR\>TER94^A229E^* retinas all showed reduced thicknesses and disorganizations in the longitudinal sections ([Figure 2Iii--2Kii](#pgen-1001288-g002){ref-type="fig"}). This defect further strengthens the notion that expression of TER94 IBMPFD mutants could interfere with R cell development.

To understand the effect of VCP mutations on R cell maintenance, we used *Rh1-GAL4* to express TER94 IBMPFD mutants. *Rh1-GAL4* becomes active in the outer R cells (those with large rhabdomeres; R1-6 in [Figure 3A](#pgen-1001288-g003){ref-type="fig"}), but not in the inner R cells (those with small rhabdomeres; R7 in [Figure 3A](#pgen-1001288-g003){ref-type="fig"}), at late pupal stage. Thus, this driver will allow us to circumvent the potentially detrimental effect of TER94 on development and focus on its effect on mature neurons, and ask if the neurodegenerative defect is cell autonomous. Retina from young *Rh1\>TER94* (in all tested transgenic alleles) adults all showed normal rhabdomere organization ([Figure 3B--3E](#pgen-1001288-g003){ref-type="fig"}). However, in the retina of 28 day-old TER94 IBMPFD mutants, rhabdomere staining was disorganized and significant loss of R cells was evident ([Figure 3H--3J](#pgen-1001288-g003){ref-type="fig"}). It should be noted that only the outer R cells suffered degeneration, indicating that the effect of TER94 on neurodegeneration is cell autonomous. Furthermore, the fact that older flies, but not the young ones, displayed loss of photoreceptors demonstrates that expression of TER94 IBMPFD mutants could cause progressive degeneration of R cells.

![Formation of TER94-containing structures and UPS impairment can be dissociated from IBMPFD mutant-induced toxicity.\
(A--J) Confocal images of 2 day- (A--E) or 28 day-old (F--J) adult retinas expressing indicated transgenes under the control of *Rh1-GAL4* stained with phalloidin (red) and anti-VCP (green). TER94-containing structures in eyes expressing TER94 transgenes are indicated with white arrowheads. The green autofluorescence in rhabdomeres is caused by eye pigment. (K--P) Larval eye discs expressing CL1-GFP and indicated transgenes (M, O, and P) or in heterozygous *Prosα1* background (N) under the control of *GMR-GAL4* stained with anti-Elav (red). (K and L) The *GMR\>CL1-GFP* eye discs are treated with either 0.01% DMSO (K) or 1 mM lactacystin (L). Insets show green channel of the corresponded images (M and N). (Q-Ri) Tangential (Q and R) and longitudinal (Qi and Ri) sections of 60% pupal eyes stained for Elav (blue) and TER94 (red). A normal cluster of photoreceptors nuclei is indicated with a white dashed circle. Please note that while nuclear clusters are drastically disrupted in TER94^A229E^ pupal eye, the CL1-GFP signal remains undetectable (R). Scale bars: 10 µm (A-J), 5 µm (K--P), 20 µm (Oi--Pi). Genotypes: (A and F) *UAS-LacZ/+;Rh1-GAL4,UAS-LacZ/+*, (B and G) *UAS-TER94^wt^/w;Rh1-GAL4,UAS-LacZ/+*, (C and H) *Rh1-GAL4,UAS-LacZ/UAS-TER94^R152H^*, (D and I) *Rh1-GAL4,UAS-LacZ/UAS-TER94^R188Q^*, (E and J) *UAS-TER94^A229E^/+;Rh1-GAL4,UAS-LacZ/+*, (K and L) *GMR-GAL4/+;UAS-CL1-GFP/+*, (M, O, Q and Oi) *GMR-GAL4/UAS-LacZ; UAS-CL1-GFP/+*, (N) *GMR-GAL4/Prosα1^l(2)SH2342^;UAS-CL1-GFP/+,* (P, R and Ri) *GMR-GAL4/UAS-TER94^A229E^; UAS-CL1-GFP/+.*](pgen.1001288.g003){#pgen-1001288-g003}

Formation of large TER94-positive structures and TER94-induced photoreceptor degeneration can be uncoupled {#s2e}
----------------------------------------------------------------------------------------------------------

The presence of ubiquitinated inclusions, which also contain VCP mutant proteins, has been suggested as the underlying mechanism of IBMPFD pathogenesis [@pgen.1001288-Weihl1], [@pgen.1001288-Ju2]. To test whether TER94 associates with aggregates in our model, retina of various genotypes were stained with αVCP antibody to monitor its localization. We reasoned that, if the formation of VCP-containing aggregates causes IBMPFD, a strong correlation between the extent of aggregate formation and the severity of neurodegenerative defects should be observed.

While rhabdomere organization was normal in young *Rh1\>TER94* (both wild type and IBMPFD mutants; [Figure 3B--3E](#pgen-1001288-g003){ref-type="fig"}), scattered large structures with intense TER94 staining could be seen (arrowheads in [Figure 3B--3E](#pgen-1001288-g003){ref-type="fig"}). Immunostaining with FK2 antibody (specific for polyubiquitin) suggests that most of these structures did not contain polyubiquitinated proteins (data not shown). In 28 day-old flies, progressive degeneration of R cells was observed, along with these TER94-containing structures ([Figure 3G--3J](#pgen-1001288-g003){ref-type="fig"}). However, while the TER94-induced degeneration could be suppressed by increasing cellular ATP level (see below), the level of large TER94-positive structures was unaffected (compare [Figure 9E to Figure 9Ei](#pgen-1001288-g009){ref-type="fig"}, and [Figure 10D to Figure 10Di](#pgen-1001288-g010){ref-type="fig"}). Similarly, while R cell formation was unaffected in *GMR\>TER94^wt^* retina, large TER94-positive structures were detected (arrows in [Figure 2Hi](#pgen-1001288-g002){ref-type="fig"}). Thus, in this fly IBMPFD model, it appears that the phenotypes of large TER94-positive structures and TER94-induced neurodegeneration could be uncoupled.

TER94 IBMPFD mutant-induced neurodegeneration is not associated with UPS impairment {#s2f}
-----------------------------------------------------------------------------------

It has been suggested that impaired UPS, caused by VCP mutations, results in the deposition of proteinaceous aggregates and IBMPFD [@pgen.1001288-Weihl1]. To test whether the expression of TER94 IBMPFD mutants disrupts UPS, *UAS-CL1-GFP* (kindly provided by Dr. Paul Taylor) [@pgen.1001288-Pandey1] was co-expressed with *UAS-TER94^A229E^* (the IBMPFD mutant that exhibited strongest muscle and R cell defects) in the eye discs. To demonstrate that CL1-GFP could monitor proteasome function, *GMR\>CL1-GFP* eye discs were treated with lactacystin, a proteasome inhibitor. As shown in [Figure 3K and 3L](#pgen-1001288-g003){ref-type="fig"}, [1](#pgen-1001288-g001){ref-type="fig"} mM of lactacystin could elicit robust GFP signal, whereas DMSO alone had no effect, indicating that this reporter responded to disruption of proteasome function. Furthermore, GFP intensity increased in *GMR\>CL1-GFP* when one copy of the 20S proteasome α1 subunit gene (*Pros*α*1^l(2)SH2342^*) was mutated ([Figure 3N](#pgen-1001288-g003){ref-type="fig"}). However, although this reporter appeared to be sensitive, no GFP signal was detected in *GMR\>TER94^A229E^* larval eye discs ([Figure 3P](#pgen-1001288-g003){ref-type="fig"}). In pupal *GMR\>TER94^A229E^* eye where large TER94-containing structures and R cell disruption were evident, CL1-GFP signal remained undetectable (compare [Figure 3Q to Figure 3R](#pgen-1001288-g003){ref-type="fig"}, and [Figure 3Qi](#pgen-1001288-g003){ref-type="fig"} to [Figure 3Ri](#pgen-1001288-g003){ref-type="fig"}). Thus, expression of TER94 IBMPFD mutants does not appear to cause UPS impairment in our model.

TER94 IBMPFD mutant-induced neurodegeneration is not associated with ERAD impairment {#s2g}
------------------------------------------------------------------------------------

Impairment of ERAD, caused by VCP mutants, has also been suggested as a mechanism for IBMPFD pathogenesis [@pgen.1001288-Weihl2]. To test whether expression of TER94 IBMPFD mutants disrupts ERAD, we generated transgenic flies carrying *UAS-CD3δ-YFP*, a well-established ERAD reporter in cell culture and mouse [@pgen.1001288-Yang1], [@pgen.1001288-MenndezBenito1]. To test if CD3δ-YFP could be a potent ERAD reporter in fly, *GMR\>CD3δ-YFP* eye discs were treated with 5 mM dithiothreitol (DTT), a reducing agent capable of eliciting ER stress. While no YFP signal was seen in untreated tissues, intense YFP signal was observed in DTT-treated *GMR\>CD3δ-YFP* eye discs ([Figure 4A and 4Ai](#pgen-1001288-g004){ref-type="fig"}). Moreover, GFP intensity increased in *GMR\>CD3δ-YFP* when *Sip3*, the *Drosophila* homolog of a key ERAD component Hrd1, was knockdown by dsRNA-mediated RNA interference (RNAi) ([Figure 4B](#pgen-1001288-g004){ref-type="fig"}). It is worth noting that expression of toxic polyglutamine (Q108), which does not have apparent role in ERAD, did not elicit CD3δ-YFP signals ([Figure 4Bi](#pgen-1001288-g004){ref-type="fig"}). These data demonstrated that CD3δ-YFP, a mammalian T-cell receptor subunit, is specific and capable of detecting ERAD in *Drosophila*.

![Expressing TER94 IBMPFD mutant in neurons does not impair ERAD.\
(A and Ai) Fluorescent images of *GMR\>CD3δ-YFP* larval eye discs without (A) or with 5 mM DTT treatment (Ai). (B--Ci) Fluorescent images of *GMR\>CD3δ-YFP* larval eye discs co-expressing indicated transgenes. (D--Fii) Fluorescent images of *GMR\>CD3δ-YFP* larval (D-F) and pupal (30%, Di--Fi; 60% Dii--Fii) eye discs co-expressing *LacZ* (D--Dii), *TER94^wt^* (E--Eii), and *TER94^A229E^* (F--Fii). In all panels, anti-Elav antibody (red) labels the nuclei of retinal neurons. Scale bars, 10 µm (D--F), 5 µm (Di--Fii). Genotypes: (A and Ai) *UAS-CD3δ-YFP/w; GMR-GAL4/+*, (B) *UAS-CD3δ-YFP/w; GMR-GAL4/+; UAS-Sip3-RNAi^v6870^/+*, (Bi) *UAS-CD3δ-YFP/w; GMR-GAL4/UAS-Q108*, (C)*UAS-CD3δ-YFP/w; GMR-GAL4/UAS-TER94^K2A^*, (Ci) *w,UAS-CD3δ-YFP/w; GMR-GAL4/UAS-TER94^E2Q^*, (D-Dii) *UAS-CD3δ-YFP/w; GMR-GAL4/UAS-LacZ*, (E-Eii) *UAS-CD3δ-YFP/w; GMR-GAL4/+;UAS-TER94^wt^/+*, (F-Fii) *UAS-CD3δ-YFP/w;GMR-GAL4/UAS-TER94^A229E^*.](pgen.1001288.g004){#pgen-1001288-g004}

Consistent with the notion that TER94 has a role in ERAD, robust YFP signals were detected in *GMR\>TER94^K2A^ and GMR\>TER94^E2Q^* larval eye discs ([Figure 4C and 4Ci](#pgen-1001288-g004){ref-type="fig"}). However, in larval eye discs expressing TER94 IBMPFD mutants, the CD3δ-YFP signal was nearly undetectable ([Figure 4D--4F](#pgen-1001288-g004){ref-type="fig"} and data not shown). Subsequent examinations of two pupal stages revealed that *GMR\>TER94^A229E^* retina exhibited aberrant arrangement of R cells, whereas *GMR\>TER94^wt^* had normal complement of R cells. Yet the CD3δ-YFP signals in both *GMR\>TER94^A229E^* and *GMR\>TER94^wt^* were comparable (compare [Figure 4Fi](#pgen-1001288-g004){ref-type="fig"} to [Figure 4D](#pgen-1001288-g004){ref-type="fig"}i and 4Ei, and [Figure 4Fii](#pgen-1001288-g004){ref-type="fig"} to [Figure 4Dii and 4Eii](#pgen-1001288-g004){ref-type="fig"}). This lack of correlation between the CD3δ-YFP signal and the photoreceptor defects suggests that impaired ERAD is not a major factor for the R cell loss.

To independently confirm this finding, we used xbp1-EGFP (kindly provided by Dr. Hermann Steller) to detect the unfolded protein response (UPR) in TER94-expressing eye discs [@pgen.1001288-Ryoo1]. Similar to CD3δ-YFP, robust xbp1-EGFP signal was detected when eye discs were treated with DTT ([Figure S4B](#pgen.1001288.s004){ref-type="supplementary-material"}) or expressing TER94^K2A^ ([Figure S4G and S4G](#pgen.1001288.s004){ref-type="supplementary-material"}i). In contrast, no detectable xbp1-EGFP signal was seen in *GMR\>TER94* IBMPFD mutants ([Figure S4D, S4E, S4F](#pgen.1001288.s004){ref-type="supplementary-material"}). These observations suggest that overexpressing TER94 IBMPFD mutants does not trigger ERAD impairment or UPR in our fly model.

IBMPFD pathogenesis depends on hexameric configuration {#s2h}
------------------------------------------------------

VCP is known to act as hexamer, and a recent report showed that p97^R155P^ and p97^A232E^ are capable of forming hexamer *in vitro* [@pgen.1001288-Halawani1]. To ask if the ability of these IBMPFD mutants to disrupt R cells requires hexameric formation, we made monomeric forms of TER94 (mTER94) by mutating R356 and R359, two positively charged arginine residues in D1 domain, to negatively charged glutamic acids ([Figure 1A](#pgen-1001288-g001){ref-type="fig"}). Although these mutations were chosen based on literature [@pgen.1001288-Wang1], blue native polyacrylamide gel electrophoresis (BN-PAGE) was performed to ensure that these mTER94 mutants were indeed monomers. In *GMR-GAL4* extract under native conditions, αVCP antibody detected a band migrating at ∼676 kDa, corresponding to the hexameric TER94 ([Figure 5A](#pgen-1001288-g005){ref-type="fig"}). In extracts from *GMR\>TER94^wt^*, *GMR\>TER94^A229E^*, and *GMR\>TER94^R188Q^*, the intensity of this ∼676 kDa band became elevated, indicating that TER94 proteins made from the transgenes were capable of forming hexamers ([Figure 5A](#pgen-1001288-g005){ref-type="fig"}). In contrast, in extracts from *GMR\>mTER94^wt^*, *GMR\>mTER94^A229E^*, and *GMR\>mTER94^R188Q^*, the intensity of ∼676 kDa band was reduced to the *GMR-GAL4* level ([Figure 5A](#pgen-1001288-g005){ref-type="fig"}). Immunoblots of the same extracts in SDS-PAGE detected ∼95 kDa monomer in mTER94 lines with intensity that was significantly higher than endogenous protein in *GMR-GAL4* control ([Figure 5B](#pgen-1001288-g005){ref-type="fig"}), demonstrating that these mTER94 proteins were expressed, but incapable of forming hexamers. Although overexpressed mTER94 proteins were seen in SDS-PAGE, we did not detect mTER94 in the native PAGE in several attempts ([Figure 5A](#pgen-1001288-g005){ref-type="fig"} and data not shown). It is possible that the epitope is masked in native mTER94 proteins.

![Formation of hexamers is crucial for the cytotoxicity of disease proteins.\
BN-PAGE (A) and SDS-PAGE (B) of lysates from *GMR-GAL4*-driven TER94 IBMPFD mutants (genotypes are indicated above the blots). The blots are probed with anti-VCP antibody, and anti-Actin antibody blot serves as a loading control. (C--Fi) Confocal images of 5 day- (C--F) and 28 day-old (Ci--Fi) adult retinas expressing indicated transgenes under the control of *Rh1-GAL4* stained with phalloidin (red), anti-VCP (green), and anti-Lamin (blue). Scale bar: 10 µm. (G) Quantification of rhabdomere numbers per unit eye from 5 days and 28 days flies of indicated genotypes. 91 to 174 unit eyes from ≥ six eyes are scored in each group. Values shown represent mean ± SE. \*\*\**p*\<0.001 compares 5 days to 28 days conditions in each genotype (one-way ANOVA with Bonferroni\'s multiple comparison test). Genotypes: (GMR\> in A and B) *GMR-GAL4/+*, (TER94^wt^ in A and B) *UAS-TER94^wt^/w; GMR-GAL4/+*, (mTER94^wt^ in A and B) *GMR-GAL4/+; UAS-mTER94^wt^/+*, (TER94^R188Q^ in A, B and C-Ci) *GMR-GAL4/+; UAS-TER94^R188Q^/+*, (mTER94^R188Q^ in A, B and D-Di) *GMR-GAL4/+; UAS-mTER94^R188Q^/+*, (TER94^A229E^ in A, B and E-Ei) *GMR-GAL4/UAS-TER94^A229E^*, (mTER94^A229E^ in A, B and F-Fi) *GMR-GAL4/+; UAS-mTER94^A229E^/+*.](pgen.1001288.g005){#pgen-1001288-g005}

To ask whether the monomeric TER94 IBMPFD mutants could still elicit neurodegenerative defects, we expressed these transgenes with *Rh1-GAL4* and examined R cell organization. In young (5-day old) *Rh1\>mTER94^A229E^* or *Rh1\>mTER94^R188Q^*, the number and arrangement of R cells was completely normal ([Figure 5C--5F](#pgen-1001288-g005){ref-type="fig"}). In 28 day-old flies, the R cells remained normal in *Rh1\>mTER94^A229E^* or *Rh1\>mTER94^R188Q^* eyes; however, the R cells were severely degenerated in eyes expressing TER94^R188Q^ or TER94^A229E^ (compare [Figure 5Ci](#pgen-1001288-g005){ref-type="fig"} to [Figure 5Di](#pgen-1001288-g005){ref-type="fig"}, [Figure 5Ei](#pgen-1001288-g005){ref-type="fig"} to [Figure 5Fi](#pgen-1001288-g005){ref-type="fig"}, and [Figure 5G](#pgen-1001288-g005){ref-type="fig"}). These observations suggest the ability to form hexamers is essential for TER94-dependent R cell degeneration.

IBMPFD mutations are dominant active alleles {#s2i}
--------------------------------------------

While the inheritance of IBMPFD is dominant, the nature of these VCP mutations remains unclear. To distinguish whether these mutations were dominant-active or dominant-negative, we examined the effect of altering TER94 gene dose on the eye phenotypes of TER94 IBMPFD mutants. We reasoned that if TER94 IBMPFD mutations are dominant-active, the rough eye phenotypes of *GMR\>TER94* IBMPFD mutants should be suppressed by inactivating one copy of the endogenous *TER94* and enhanced by overexpressing wild type TER94. Conversely, if TER94 IBMPFD mutations act as dominant negatives, the rough eye phenotypes of *GMR\>TER94* IBMPFD mutants should be enhanced further by inactivating one copy of the endogenous *TER94* and suppressed by overexpressing wild type TER94. As shown in [Figure 6](#pgen-1001288-g006){ref-type="fig"}, the rough eye and R cell defects of *GMR\>TER94^R152H^*, *GMR\>TER94^R188Q^*, and *GMR\>TER94^A229E^* were suppressed by inactivating one copy of TER94 and noticeably enhanced by overexpressing *TER94^wt^* transgene. To demonstrate the specificity of these genetic interactions, we tested the effect of *TER94^wt^* overexpression on GMR\>*TER94^K2A^*, a known dominant negative. GMR\>*TER94^K2A^* animals died at larval or early pupal stage (possibly due to *GMR-GAL4* leaky expression elsewhere); however, this lethality could be rescued by overexpressing *TER94^wt^* ([Figure 6J and 6Ji](#pgen-1001288-g006){ref-type="fig"}). Together, these results strongly suggest that IBMPFD mutations are dominant actives, and TER94 IBMPFD mutants and TER94^K2A^ confer cytotoxicity through distinct mechanisms.

![TER94 IBMPFD mutants are dominant actives.\
SEM (A-K) and confocal (Ai-Ki) images of 2 day-old adult eyes expressing indicated transgenes under the control of *GMR-GAL4*. (Ai--Ki) The adult retinas are stained with phalloidin (red), anti-VCP (green) and anti-Lamin (blue) antibodies. Scale bar: 10 µm (Ai--Ki). Genotypes: (A and Ai) *GMR-GAL4/UAS-LacZ; UAS-TER94^R152H^/+*, (B and Bi) *GMR-GAL4/TER94^l(2)k15502^; UAS-TER94^R152H^/+*, (C and Ci) *UAS-TER94^wt^/w; GMR-GAL4/+; UAS-TER94^R155H^/+*, (D and Di) *GMR-GAL4/UAS-LacZ; UAS-TER94^R188Q^/+*, (E and Ei) *GMR-GAL4/TER94^l(2)k15502^; UAS-TER94^R188Q^/+*, (F and Fi) *UAS-TER94^wt^/w; GMR-GAL4/+; UAS-TER94^R188Q^/+*, (G and Gi) *GMR-GAL4,UAS-TER94^A229E^/UAS-LacZ,* (H and Hi) *GMR-GAL4,UAS-TER94^A229E^/TER94^l(2)k15502^*, (I and Ii) *UAS-TER94^wt^/w; GMR-GAL4,UAS-TER94^A229E^/+*, (J and Ji) *UAS-TER94^wt^/w; GMR-GAL4/UAS-TER94^K2A^*, (K and Ki) *UAS-TER94^wt^/w; GMR-GAL4/+.*](pgen.1001288.g006){#pgen-1001288-g006}

Energy expenditure associates with IBMPFD pathogenesis in fly model {#s2j}
-------------------------------------------------------------------

Hexamers consisted of VCP disease proteins have recently been shown to possess increased ATPase activity *in vitro* [@pgen.1001288-Halawani1] and *in vivo* [@pgen.1001288-Manno1]. As IBMPFD seems to preferentially affect tissues with high energy-demand, we speculated that this elevated ATPase activity of VCP mutants might contribute to IBMPFD pathogenesis by depleting cellular ATP. To test whether TER94 IBMPFD mutants could deplete ATP, cellular ATP levels from thorax (eyes were not used because eye pigment would interfere with the ATP assay) of flies expressing TER94 IBMPFD mutants driven by *hs-GAL4* driver were measured. After three cycles of induction by heat shocks, *hs\>TER94^wt^* and *hs\>TER94^R152H^* did not show significant reduction in ATP level when compared to *hs\>LacZ* control ([Figure 7](#pgen-1001288-g007){ref-type="fig"}). However, significant reduction in ATP level was seen in *hs\>TER94^A229E^* and *hs\>TER94^R188Q^*, the alleles associated with strong defects in muscles and photoreceptors. While this reduction in ATP level appears modest, it is worth mentioning that mouse kidney cells undergo apoptosis when cellular ATP is depleted to ∼70% of normal level [@pgen.1001288-Lieberthal1]. Thus it is entirely possible that similar level of ATP reduction could cause muscle and R cell degeneration in flies. In any case, our results are consistent with the notion that TER94 IBMPFD mutants could alter cellular ATP level.

![Expression of TER94 IBMPFD mutants reduces cellular ATP level.\
ATP measurement of flies expressing TER94 transgenes driven by *hs-GAL4*. *hs\>LacZ* serves as control. Values are obtained from 6 independent experiments. Fold changes of the normalized ATP content are compared. Values shown represent mean ± SE. \*\**p*\<0.01; \*\*\**p*\<0.001 (repeated measures ANOVA with Bonferroni\'s multiple comparison test).](pgen.1001288.g007){#pgen-1001288-g007}

If this ATP depletion contributes to the neurodegenerative defects of TER94 IBMPFD mutants, it should be possible to suppress the phenotypes by boosting cellular ATP production or reducing energy consumption. To test this, we subjected TER94 flies to dietary restriction (DR), a regimen known to boost energy production by either increasing the number of electron transport chains during mitochondrial biogenesis [@pgen.1001288-Guarente1], or enhancing the metabolic adaptation to reduce overall energy expenditure [@pgen.1001288-Redman1]. Freshly eclosed *Rh1\>TER94* flies were raised on either normal food or DR food (reduction of two-third of sucrose and yeast). In support of the notion that energy expenditure plays a role in IBMPFD pathogenesis, the progressive degeneration of R cells was markedly mitigated for all tested TER94 IBMPFD mutants raised under DR condition for 10 days (data not shown). This diet-dependent suppression of R cell degeneration was still seen in most of the TER94 IBMPFD mutants raised under DR condition for 20 days ([Figure 8](#pgen-1001288-g008){ref-type="fig"}). The only exception was *Rh1\>TER94^A229E^*, which had the most severe R cell degeneration and showed only mild response to DR condition at this age ([Figure 8](#pgen-1001288-g008){ref-type="fig"}). This suppression appears specific to IBMPFD, as DR had no evident effect on expanded polyglutamine-induced neurodegeneration ([Figure 8E--8F](#pgen-1001288-g008){ref-type="fig"}).

![Dietary restriction (DR) alleviates neurodegeneration induced by pathogenic TER94 mutants.\
(A--Ei) Confocal images of adult retinas expressing indicated transgenes under the control of *Rh1-GAL4* stained with phalloidin (red), anti-VCP (green), and anti-Lamin (blue) antibodies. After eclosion, these flies were raised on normal (A--E) or DR food (Ai--Ei) for 20 days (A--Di) or 35 days (E--Ei). Scale bar: 10 µm. (F) Quantification of rhabdomere numbers per unit eye from normal and DR treated flies of indicated genotypes. 155 to 360 unit eyes from ≥ six eyes are scored in each group. Values shown represent mean ± SE. \*\*\**p*\<0.001 compares normal to DR conditions in each genotypes (one-way ANOVA with Bonferroni\'s multiple comparison test). Genotypes: (A and Ai) *UAS-TER94^wt^/w; Rh1-GAL4,UAS-LacZ/+*, (B and Bi) *Rh1-GAL4,UAS-LacZ/UAS-TER94^R152H^*, (C and Ci) *Rh1-GAL4,UAS-LacZ/UAS-TER94^R188Q^*, (D and Di) *UAS-TER94^A229E^/+; Rh1-GAL4,UAS-LacZ/+,* (E and Ei) *UAS-Q108/+; Rh1-GAL4,UAS-LacZ/+*.](pgen.1001288.g008){#pgen-1001288-g008}

To independently verify this energy expenditure idea, we took advantage of R cell physiology to assess the role of ATP in IBMPFD. It is known that fly R cells consume at least 5-fold more ATP under illuminated condition than in the dark [@pgen.1001288-Niven1]. Freshly eclosed (\<12 h) *Rh1\>TER94* and controls flies were raised under a normal 12 hours light/12 hours dark cycles (L/D, light intensity ∼520 lux), constant light (L/L), or completely dark (D/D) conditions, and the presence of the R cells in these flies were compared. The progressive neurodegeneration of R cells was easily seen in TER94 IBMPFD mutant-expressing flies raised under the L/D condition ([Figure 9](#pgen-1001288-g009){ref-type="fig"}). This loss of R cells was rescued when these flies were raised under the D/D condition (compare [Figure 9C to Figure 9Ci](#pgen-1001288-g009){ref-type="fig"}, [Figure 9D to Figure 9Di](#pgen-1001288-g009){ref-type="fig"}, [Figure 9E to Figure 9Ei](#pgen-1001288-g009){ref-type="fig"}, and [Figure 9I](#pgen-1001288-g009){ref-type="fig"}). Although this darkness treatment rescued the R cell defect in all TER94 IBMPFD mutants, it failed to restore the degeneration caused by overexpressing TER94^K2A^ (compare [Figure 9F to Figure 9Fi](#pgen-1001288-g009){ref-type="fig"}, and [Figure 9I](#pgen-1001288-g009){ref-type="fig"}) or two expanded polyglutamine disease models (compare [Figure 9G to Figure 9Gi](#pgen-1001288-g009){ref-type="fig"}, [Figure 9H to Figure 9Hi](#pgen-1001288-g009){ref-type="fig"}, and [Figure 9I](#pgen-1001288-g009){ref-type="fig"}) [@pgen.1001288-Marsh1]--[@pgen.1001288-Warrick1]. This suggests that the reduction of ATP expenditure is not a universal antidote for neurodegeneration, but specific to these TER94 IBMPFD mutants. The R cell degeneration was strongly enhanced under L/L condition for all TER94 IBMPFD mutants (data not shown). However, L/L condition also caused mild R cell degeneration in control and flies expressing TER94^wt^, likely due to retinopathy induced by continuous light exposure [@pgen.1001288-Jacobson1]. In any case, data from both DR and light conditioning experiments support energy expenditure as a pathophysiological mechanism in this *Drosophila* IBMPFD model.

![Neurodegeneration induced by pathogenic TER94 mutants can be suppressed under dark conditions.\
(A--Hi) Confocal images of adult retinas expressing indicated transgenes under the control of *Rh1-GAL4* stained with phalloidin (red), anti-VCP (green), and anti-Lamin (blue) antibodies. Freshly eclosed flies were raised under L/D (A--H), or D/D condition (Ai--Hi). Arrowheads in E and Ei indicate large TER94-containing structures in degenerated (E) and recovered (Ei) retinas. Scale bar: 10 µm. (I) Quantification of rhabdomere numbers per unit eye under L/D and D/D conditions. 210 to 388 unit eyes from ≥ six eyes are scored in each group. Values shown represent mean ± SE. \* *p*\<0.05; \*\*\**p*\<0.001 compares L/D to D/D conditions in each genotypes (one-way ANOVA with Bonferroni\'s multiple comparison test). Genotypes: (A and Ai) *UAS-LacZ/+; Rh1-GAL4,UAS-LacZ/+*, (B and Bi) *UAS-TER94^wt^/w; Rh1-GAL4,UAS-LacZ/+*, (C and Ci) *Rh1-GAL4,UAS-LacZ/UAS-TER94^R152H^*, (D and Di) *Rh1-GAL4,UAS-LacZ/UAS-TER94^R188Q^*, (E and Ei) *UAS-TER94^A229E^/+; Rh1-GAL4,UAS-LacZ/+*, (F and Fi) *UAS-TER94^K2A^/+; Rh1-GAL4,UAS-LacZ/+*, (G and Gi) *UAS-Q108/+; Rh1-GAL4,UAS-LacZ/+*, (H and Hi) *UAS-MJDtr-Q78/+; Rh1-GAL4,UAS-LacZ/+*.](pgen.1001288.g009){#pgen-1001288-g009}

Knockdown of *Drosophila plip* suppresses pathogenic mutants-induced neurodegeneration {#s2k}
--------------------------------------------------------------------------------------

To further strengthen our energy expenditure hypothesis, we used genetic approaches to modulate ATP levels in fly IBMPFD model. As the electron transport chain of mitochondria generates the majority of ATP in animal cells, we found that RNAi knockdown of components in the catalytic core of F1 ATP synthase of complex V could significantly enhance R cells degeneration in *Rh1\>TER94^A229E^* flies ([Figure S5](#pgen.1001288.s005){ref-type="supplementary-material"}). Conversely, reducing ATP consumption through RNAi knockdown of two ATPases, ATP-citrate lyase [@pgen.1001288-Knowles1] or a putative human copper transporter DmATP7 [@pgen.1001288-Southon1], could suppress *Rh1\>TER94^A229E^*-induced R cell degeneration ([Figure S5](#pgen.1001288.s005){ref-type="supplementary-material"}), further supporting the notion that ATP level is a key to the disease.

To genetically boost cellular ATP production, we took advantage of an observation that RNAi knockdown of mitochondrial phosphatase PTPMT1 (a protein tyrosine phosphatase localized to the mitochondrion) could markedly increase ATP production in mouse cells [@pgen.1001288-Pagliarini1]. We thus expressed RNAi transgenes that target *plip*, the *Drosophila* homolog of PTPMT1, to analyze its effect on our disease model ([Figure 10A](#pgen-1001288-g010){ref-type="fig"}). To avoid off-target effect, two independent plip-RNAi constructs v104774 and v47624, which target partially overlapped *plip* mRNA sequence, were used [@pgen.1001288-Dietzl1]. Knockdown with v104774 and v47624 both decreased the level of *plip* mRNA ([Figure 10A](#pgen-1001288-g010){ref-type="fig"}) and elevated cellular ATP level ([Figure 10B](#pgen-1001288-g010){ref-type="fig"}), although the increase in ATP level was higher with v47624. Expression of either v104774 or v47624 in outer R cells using *Rh1-GAL4* had no effect on R cells (data not shown). However, expression of these plip-RNAi lines could significantly suppress the R cell degeneration in *RH1\>TER94^R188Q^* and *RH1\>TER94^A229E^* (compare [Figure 10C to Figure 10Ci](#pgen-1001288-g010){ref-type="fig"} and [Figure 10Cii](#pgen-1001288-g010){ref-type="fig"}, [Figure 10D to Figure 10Di](#pgen-1001288-g010){ref-type="fig"} and [Figure 10Dii](#pgen-1001288-g010){ref-type="fig"}, and [Figure 10E](#pgen-1001288-g010){ref-type="fig"}). This suppression of TER94 IBMPFD mutants by plip-RNAi is specific, as knockdown of *plip* had no significant effect on the R cell degeneration in *Rh1\>TER94^K2A^* or mutant *MJDtr-Q78* ([Figure 10E](#pgen-1001288-g010){ref-type="fig"}). To determine whether the suppression of TER94-dependent R cell degeneration correlates with ATP level, we measured ATP content in flies that co-express plip-RNAi^v47624^ with TER94^R188Q^ or TER94^A229E^. Compared to TER94^R188Q^ and TER94^A229E^ alone, co-expressing plip-RNAi^v47624^ showed elevated ATP content ([Figure 10F](#pgen-1001288-g010){ref-type="fig"}), further supporting a role of cellular ATP level in IBMPFD mutant-induced neurodegeneration.

![Neurodegeneration induced by pathogenic TER94 mutants can be suppressed by the knockdown of *plip*.\
(A) The knockdown of endogenous *plip* mRNA by plip-RNAi lines v47624 (plip-RNAi^v47624^) and v104774 (plip-RNAi^v104774^). Data from three independent RT-PCR experiments are averaged and present in respect to control. (B) Measurement of ATP content from *hs\>plip-RNAi^v47624^* or *hs\>plip-RNAi^v104774^* flies after three cycles of heat shocks at 37°C. (C--Dii) Confocal images of 20 day-old adult retinas expressing indicated transgenes under the control of *Rh1-GAL4* stained with phalloidin (red), anti-VCP (green), and anti-Lamin (blue) antibodies. Scale bar: 10 µm. (E) Quantification of the effect of plip knockdown on rhabdomere numbers in TER94 IBMPFD mutants, TER94^K2A^, and MJD-trQ78. 121 to 358 unit eyes from more than nine eyes are scored in each group. (F) Measurement of ATP content from flies expressing *TER94^A229E^* and *TER94^R188Q^* alone, or with *plip-RNAi^v47624^* under the control of *hs-GAL4* driver. *hs\>LacZ* serves as control. Values in A are normalized to the internal control and obtained from three independent experiments. Values in B and F are fold changes of the normalized ATP content from ≥ three independent experiments. \*\**p*\<0.01; \*\*\**p*\<0.001 (repeated measures ANOVA with Bonferroni\'s multiple comparison test). Values shown in E represent mean ± SE. \*\*\**p*\<0.001 compares LacZ to plip-RNAi lines for each genotype (one-way ANOVA with Bonferroni\'s multiple comparison test). Genotypes: (C) *UAS-TER94^R188Q^/UAS-LacZ; Rh1-GAL4,UAS-LacZ/+*, (Ci) *UAS-TER94^R188Q^/+; Rh1-GAL4,UAS-LacZ/UAS-plip-RNAi^v47624^*, (Cii) *UAS-TER94^R188Q^/UAS-plip-RNAi^v104774^; Rh1-GAL4,UAS-LacZ/+,* (D) *UAS-TER94^A229E^/UAS-LacZ; Rh1-GAL4/*+, (Di) *UAS-TER94^A229E^/+; Rh1-GAL4,UAS-LacZ/UAS-plip-RNAi^v47624^*, (Dii) *UAS-TER94^A229E^/UAS-plip-RNAi^v104774^; Rh1-GAL4,UAS-LacZ/+*.](pgen.1001288.g010){#pgen-1001288-g010}

Discussion {#s3}
==========

In this study, we introduced IBMPFD-causing mutations in *Drosophila* TER94 to elucidate the pathogenesis of VCP mutants. Expression of these TER94 IBMPFD mutants in mature muscle cells causes loss of muscle tissues. Similarly, expression of these TER94 mutants in mature photoreceptor cells causes progressive neurodegeneration. Moreover, the observation that TER94^A229E^ consistently had the strongest phenotypes correlates well with the allelic strength of its counterpart in human. Thus, although the fly model differs from human IBMPFD in the sense that TER94 mutant proteins are overexpressed, the fact that the expression of these TER94 mutants could recapitulate phenotypic and genetic features of IBMPFD suggests that our fly model is an appropriate system to analyze VCP mutations.

Using early muscle- and R cell-specific drivers, we show that overexpression of TER94 IBMPFD mutants during development can interfere with the formation of muscle and neuronal cells. Thus, although IBMPFD is an adult onset disease, the cytotoxic effect of IBMPFD-causing VCP mutant proteins may not be restricted to mature muscle and neuronal cells. It is likely that if expressed at high level, these VCP mutant proteins can cause deterioration of other cell types and manifest their cytotoxicity at earlier stages. Given the onset age of IBMPFD varies broadly (range 20 to \>60 yrs) [@pgen.1001288-Kimonis1], [@pgen.1001288-Stojkovic1], it seems plausible that subtle defects may have occurred in the development of muscle and neuronal tissues in IBMPFD individuals.

What is the nature of these IBMPFD-causing VCP mutations? The autosomal dominant inheritance of IBMPFD suggests that these mutations are not simple loss-of-function mutations. One possible scenario is that TER94 IBMPFD mutants interfere with wild type TER94 by forming non-functional hexamers. We showed that expression of TER94^K2A^, a known dominant negative, could disrupt muscles and R cells. However, while TER94^K2A^ expression readily elicits ERAD and UPR responses, expression of TER94 IBMPFD mutants has little effect on these processes, suggesting that TER94^K2A^ and TER94 IBMPFD mutants cause cytotoxicity through distinct mechanisms. Indeed, several results argue that TER94 IBMPFD alleles are dominant actives. First, disruptions of flight and R cell organization, phenotypes associated with TER94 IBMPFD mutants, could be mimicked by elevated expression of TER94^wt^. Moreover, IBMPFD-causing VCP mutants are known to possess elevated ATPase activity [@pgen.1001288-Halawani1], [@pgen.1001288-Manno1] and we demonstrated that hexameric formation is critical for the IBMPFD mutants to disrupt photoreceptors. Most importantly, we showed that the eye defects of *GMR\>TER94* IBMPFD mutants could be enhanced by additional wild type TER94 expression. Taken together, these data argue strongly that IBMPFD-causing VCP alleles are gain-of-function mutations.

It is well documented that VCP participates in UPS and ERAD [@pgen.1001288-Ye1], [@pgen.1001288-Halawani2]. The phenotypes of TER94 mutants defective in ATP-binding or ATP-hydrolysis also demonstrated that this AAA ATPase is indispensible for ERAD in *Drosophila*. The key question, however, is whether the disruption of UPS or ERAD is the cause that VCP mutations induce IBMPFD. Using reporters capable of monitoring UPS and ERAD, we showed that expression of TER94 IBMPFD mutants had little, if any, effect on both processes. The disconnect between the ability of TER94 IBMPFD mutants to induce neurodegeneration and their ability to impact UPS and ERAD is surprising because expression of pathogenic VCP mutants has been shown to disrupt ERAD and caused the accumulation of ubiquitinated aggregates in mice [@pgen.1001288-Weihl1], [@pgen.1001288-Weihl2], [@pgen.1001288-Ju2]. It is not clear why this difference exists between the two model systems. One possible explanation is that the reporters we used were not sensitive enough. Although we cannot formally exclude this possibility, *CL1-GFP* was capable of detecting a 50% reduction of gene dose in the 20S proteasome α1 subunit gene, suggesting that the UPS reporter is sensitive.

It should also be mentioned that in mammals, expression of VCP mutant does not always result in disruption of UPS and ERAD. Analysis of primary IBMPFD myoblasts (VCP^H155C^) and cells transfected with IBMPFD mutants did not reveal obvious increase of polyubiquitinated aggregates [@pgen.1001288-Hbbers1]. In cells expressing VCP mutant R155H or A232E, Ub^G76V^-YFP and CD3δ-YFP reporters did not detect impairment to UPS and ERAD respectively [@pgen.1001288-Tresse1]. Moreover, biochemical analysis showed that wild type and three disease proteins had identical binding affinity to cofactors Ufd1, Npl4, and Ataxin-3 [@pgen.1001288-Hbbers1]. In support of this, we have been unable to detect any genetic interaction between TER94 IBMPFD mutants and the VCP cofactors Ufd1, Npl4, and Eyc (Chang and Sang, unpublished data). It is possible that VCP mutant proteins can cause IBMPFD through multiple mechanisms, and in the *Drosophila* model, impairment of UPS and ERAD is not the main cause for TER94-induced R cell degeneration.

All VCP mutants implicated in IBMPFD hold increased ATPase activity [@pgen.1001288-Halawani1], [@pgen.1001288-Manno1]. In addition, the symptoms of IBMPFD appear to manifest in tissues with high energy-demands. These observations prompt us to examine whether there is a mechanistic link between the TER94 mutant-induced neurodegenerative defects and the cellular ATP level. We show that expression of TER94^A229E^ and TER94^R188Q^ could reduce cellular ATP level. More strikingly, the neurodegenerative defects in TER94 IBMPFD mutant expressing eyes could be modified by perturbations in ATP level. Increasing ATP level by dietary restriction, dark conditions, or *plip* knockdown could all suppress the TER94 IBMPFD mutant-induced R cell degeneration. We further demonstrated that plip-dependent suppression of TER94^A229E^-induced neurodegeneration coincides with increase in cellular ATP level. Conversely, decreasing ATP level could enhance these degenerative defects. This phenotypic modulation by ATP level is specific, as these treatments had no impact on the degeneration caused by ATP-binding defective TER94 and polyglutamine expansion-containing proteins.

Several other observations lend support to this energy expenditure hypothesis. We showed that TER94 IBMPFD mutant-induced neurodegeneration requires hexameric formation, which is necessary for a functional ATPase. As the model stipulates that the ATPase activity would be essential for the pathogenesis, it makes sense that no IBMPFD-causing mutation resides in D2. Taken together, these results suggest that elevated ATPase activities may have a prominent role in IBMPFD pathology. It is imaginable that pathogenic VCP mutants may spend excessive amount of energy in performing their functions, thereby gradually deteriorating other energy-dependent pathways and causing progressive tissue degenerations.

In addition to improve our understanding of how VCP mutations cause IBMFPFD, another major goal of establishing a *Drosophila* IBMPFD model is to facilitate the identification of targets for designing therapeutic agents. Our demonstration that RNAi-mediated knockdown of *plip* could suppress TER94-induced neurodegeneration clearly suggests that this is a viable strategy. Furthermore, our demonstration that dietary restrictions and illumination conditions could modify TER94 phenotypes suggests a potential avenue of treating IBMPFD using environmental approach.

Materials and Methods {#s4}
=====================

Molecular biology and transgenic flies {#s4a}
--------------------------------------

The *Drosophila* TER94 cDNA clone (GM02885), obtained from the Drosophila Genomics Resource Center (Indiana, USA), was subcloned into the transformation vectors pUAST and pattB-UAST as an EcoRI-XhoI fragment. Mutations in the TER94 cDNA were introduced using QuikChange (Stratagene), according to instructions from the manufacturer, and primers used for the site-directed mutagenesis of TER94 are listed in [Table S1](#pgen.1001288.s006){ref-type="supplementary-material"}. CD3δ-YFP cDNA was purchased from Addgene [@pgen.1001288-MenndezBenito1], and subcloned into pUAST as an EcoRI-NotI fragment. All constructs were verified by sequencing prior to transgenic fly production. Flies carrying pUAST-based transgenes were generated by P element-mediated transformation, and flies carrying pattB-UAST-based constructs were generated by phiC31-mediated integration (Bestgene, California, USA).

*Drosophila* genetics {#s4b}
---------------------

Flies were raised in standard cornmeal food at 25°C in 12 hours light/12 hours dark cycles unless otherwise noted. *24B-GAL4* and *elav-GAL4^c155^* were obtained from the Drosophila Stock Center (Bloomington, Indiana, USA). *GMR-GAL4* has been described previously [@pgen.1001288-Sang1]. *Rh1-GAL4* and *UAS-mCD8-GFP* stocks were originally obtained from Dr. Larry Zipursky. An enhancer trap line *l(2)SH2342* that allelic to CG18495 in which encodes Proteasome α1 subunit was acquired from Szeged Drosophila Stock Center (Hungary). All transgenic RNAi lines were provided by the Vienna Drosophila RNAi Center. The *UAS-CL1-GFP* was a generous gift from Dr. Paul Taylor. Dr. Hermann Steller kindly provided the *UAS-xbp1-EGFP* stocks. Standard genetic markers and balancer chromosomes were used to generate specific genotypes.

Histology and immunohistochemistry {#s4c}
----------------------------------

Analyses of eye morphology using scanning electron microscopy and whole-mount preparation of fly eyes were performed as described previously [@pgen.1001288-Sang1]. Primary antibodies used were the following: anti-VCP (1∶100, Cell Signaling), anti-Elav (1∶20, Developmental Studies Hybridoma Bank, DSHB), anti-LaminDm (1∶20, DSHB). FITC, Cy3, and Cy5 conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) were used at 1∶100 dilutions. F-Actin enriched rhabdomere was labeled by Rhodamine-conjugated phalloidin (Sigma). Whole-mount brain preparation was performed as described previously [@pgen.1001288-Sang2]. The mushroom body was examined as a projected image that covered the whole structure. Zeiss LSM-510 or 710 confocal microscopes were used for collecting all fluorescent images. Photoshop CS was used for image processing. For experiments that comparing fluorescent-labeled probes among different genotypes, the sample preparation and image processing was performed in the same procedure and setting.

Behavior assays {#s4d}
---------------

For the learning test, the classical T-maze paradigm (Pavlovian) conditioning procedure was followed [@pgen.1001288-Wu1]. Briefly, flies were trained by exposure to electroshock paired with one odor of either 3-octanol (OCT) or 4-methycyclohexanol (MCH) for 1 minute, and subsequent exposure to the second odor (either OCT or MCH) without electroshock. Immediately after training, learning was measured by allowing flies to choose between the two odors used during training. Avoidance of the odor previously paired with electroshock produced a performance index. For each test, more than a hundred flies from each genotype were analyzed.

For measuring flight ability, a classical flightless assay was adopted [@pgen.1001288-Koana1]. 30--40 flies aged to 3 to 5 days were gently empted into a 2-liter graduated cylinder that coated with vacuum pump oil through a funnel at the top. Flies with normal flight ability were trapped in oil on the wall at higher cylinder marks, whereas flightless flies landed on the lower level or fell to the bottom. The numbers of flies stuck on the cylinder wall was counted into 10 divisions with higher index that indicates normal flight behavior and vise versa.

Immunoblotting {#s4e}
--------------

Protein preparation for SDS-PAGE from *Drosophila* heads followed the procedures described previously [@pgen.1001288-Sang1]. For the BN-PAGE experiment, the proteins extraction and separation followed manufacture\'s direction (Invitrogen). Primary antibodies were used as the following dilutions: anti-VCP (1∶3000, Cell Signaling) and anti-β-Actin (1∶5000, Abcam). Secondary antibodies conjugated with HRP (Jackson ImmunoResearch Laboratories) were used in 1∶5000 dilutions. All loading controls were prepared by stripping off the reagents from the original membrane and then re-immunoblotting with anti-β-Actin following the standard procedures. ImageJ was used to quantify bands intensity.

Quantification of rhabdomeres in adult retina {#s4f}
---------------------------------------------

A naïve examiner who was blinded to the genotype counted the number of rhabdomeres in each unit eye. At least six individual eyes were scored in each experimental group. Data plotting and statistics were processed using Prism (GraphPad software) or SigmaPlot 10 (Systat software).

RT-PCR {#s4g}
------

Adult eyes from *GMR\>LacZ*, *GMR\>plip-RNAi^v47624^* and *GMR\>plip-RNAi^v104774^* were dissected for RNA isolation using TRI Reagent (Sigma). 2 µg RNA was used for reverse transcription (SuperScript First Strand, Invitrogen) following the manufacture\'s direction. Subsequent PCR amplification was performed with about 1.5 µg cDNA and specific primer pairs for *plip* (forward: 5′-CATGTTCGCACGCGTTTC-3′, reverse: 5′-GGTCATGATTTCGTCTCCAC-3′) and internal control *G3PDH* (forward: 5′-CCACTGCCGAGGAGGTCAACTA-3′, reverse: 5′-GCTCAGGGTGATTGCGTATGCA-3′). The amplification was done for 24 cycles (95°C 30 sec, 52°C 45 sec, 72°C 1 min).

ATP assay {#s4h}
---------

*Drosophila* ATP assay was performed as following a previous report [@pgen.1001288-Schwarze1]. Briefly, the fly thoraces were dissected and homogenized in 6 M guanidine hydrochloride in extraction buffer (100 mM Tris and 4 mM EDTA, pH7.8) to denature endogenous ATPases. The supernatant fraction of the homogenate was collected after centrifugation at 16,100 g and then diluted in 1/750 with extraction buffer. The protein concentration was determined using the Bradford protein assay system (Bio-Rad). The ATP level was determined by ATP determination kit (Invitrogen) and measured by Victor 3 plate reader (PerkinElmer). The relative ATP level was then calculated by dividing the luminescence readout with the protein concentration and then normalized to control.

Supporting Information {#s5}
======================

###### 

Sequence conservation of IBMPFD-associated VCP mutations in different model organisms. The human VCP residues that mutated in IBMPFD are listed on top. The sequences in each column show homologous residue in the middle with two adjacent amino acids. The three substituted residues that used for generating TER94 IBMPFD mutants are underlined.

(0.30 MB TIF)

###### 

Click here for additional data file.

###### 

Protein expression levels in different TER94 IBMPFD mutant transgenic flies. (A) Western blot is probed with anti-VCP antibody to detect TER94 (genotypes are indicated above the blot). Anti-Actin serves as a loading control. (B) Quantification of normalized TER94 levels from three independent experiments. Genotypes: (LacZ) *w; UAS-LacZ/+; Rh1-GAL4,UAS-LacZ/+*, (TER94^wt^) *UAS-TER94^wt^,w/w; Rh1-GAL4,UAS-LacZ/+*, (TER94^R152H^) *w; +; UAS-TER94^R152H^/Rh1-GAL4,UAS-LacZ,* (TER94^R188Q^) *w; +; UAS-TER94^R188Q^/Rh1-GAL4,UAS-LacZ*, (TER94^A229E^) *w; UAS-TER94^A229E^/+; Rh1-GAL4,UAS-LacZ/+*,(TER94-RNAi) *w; UAS-TER94-RNAi^v24354^/+; Rh1-GAL4,UAS-LacZ/+*.

(0.48 MB TIF)

###### 

Click here for additional data file.

###### 

Site-specific integration of IBMPFD mutants confirms allelic-dependent cytotoxicity. The phiC31 integrase-mediated site-specific landing of the UAS-TER94 transgenes (attb-TER94). SEM (A-D) and confocal (Ai-Di) images of 2 day-old adult eyes expressing indicated transgenes under the control of *GMR-GAL4*. Confocal images of adult eyes are stained with phalloidin (red), anti-VCP (green), and anti-Lamin (blue). Arrows in Bi and Ci indicate unit eyes with loss of rhabdomere(s). Scale bar: 10 µm (Ai-Di). Genotypes: (A and Ai) *w/yw; GMR-GAL4/+; UAS-attb-TER94^wt^/+*, (B and Bi) *w/yw; GMR-GAL4/+; UAS-attb-TER94^R152H^/+*, (C and Ci) *w/yw; GMR-GAL4/+; UAS-attb-TER94^R188Q^/+*, (D and Di) *w/yw; GMR-GAL4/+; UAS-attb-TER94^A229E^/+*.

(3.68 MB TIF)

###### 

Click here for additional data file.

###### 

Expressing TER94 IBMPFD mutants in neurons does not trigger the unfolded protein response (UPR). (A-G) Larval eye discs co-expressing UPR reporter xbp1-EGFP with LacZ or TER94 transgenes under the control of *GMR-GAL4* are stained with the neuronal marker anti-Elav (red). (A and B) Eye discs co-expressing xbp1-EGFP and LacZ without or with DTT treatment. (G) Eye disc co-expressing xbp1-EGFP and TER94^K2A^. Image in Gi is enlarged from the boxed area in G. Scale bar, 10 µm (A-G). Genotypes: (A and B) *w; GMR-GAL4/UAS-LacZ; UAS-xbpI-EGFP/+*, (C) *w; GMR-GAL4/+; UAS-xbpI-EGFP/UAS-TER94^wt^*, (D) *w; GMR-GAL4/+; UAS-xbpI-EGFP/UAS-TER94^R152H^*, (E) *w; GMR-GAL4/+; UAS-xbpI-EGFP/UAS-TER94^R188Q^*, (F) *w; GMR-GAL4/UAS-TER94^A229E^; UAS-xbpI-EGFP/+*, (G and Gi) *w; GMR-GAL4/UAS-TER94^K2A^; UAS-xbpI-EGFP/+*.

(3.57 MB TIF)

###### 

Click here for additional data file.

###### 

Genes involve in ATP synthesis and consumption modulates TER94^A229E^-induced neurodegeneration. (A) The distribution of rhabdomere numbers from unit eyes of *Rh1\>TER94^A229E^\>LacZ* (black), *Rh1\>TER94^A229E^\>ATPsyn-γ-RNAi* (orange), *Rh1\>TER94^A229E^\>ATPsyn-δ-RNAi* (yellow), *Rh1\>TER94^A229E^\>ATPsyn-β-RNAi* (red), *Rh1\>TER94^A229E^\>ATP coupling factor 6-RNAi* (blue), *Rh1\>TER94^A229E^\>ATPsyn-b-RNAi* (aqua), *Rh1\>TER94^A229E^\>ATP citrate lyase-RNAi* (green), *Rh1\>TER94^A229E^\>ATP 7-RNAi* (magenta). (B) The average rhabdomeral numbers of unit eyes from the analyzed flies. 162 to 310 unit eyes from at least six eyes are scored. Each bar in (B) represents mean ± SE. \*\**p*\<0.01; compares *Rh1\>TER94^A229E^\>LacZ* to the indicated genotype (one-way ANOVA with Dunnett\'s multiple comparison test).

(1.66 MB TIF)

###### 

Click here for additional data file.

###### 

Primer sets used in generating TER94 mutations.

(0.04 MB DOC)

###### 

Click here for additional data file.
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